The study evaluated the effect of a phytase supplement, produced by Aspergillus niger , on the performance of 72 growing-finishing pigs (28-101 kg). Chemical and physical parameters of the tibia and fibula bones were measured. The control diet (diet 1) was formulated to be adequate for pigs with respect to all nutrients, and diets 2 and 3 with respect to all other nutrients except total phosphorus (P). The P source of the control diet was dicalciumphosphate (dihydrate), while no inorganic P was added to diets 2 and 3. Diet 3 was supplemented with phytase, 720 U/kg feed. The average daily gain (ADG) and the feed conversion ratio (FCR) of the control pigs were significantly better than those of the groups without inorganic P. Phytase improved the ADG (p <0.01) and the FCR during the first 45 days (28-60 kg). The pigs on diet 2 were able to grow as well as the other pigs when they became heavier (between 60-100 kg), so that at the end of the trial there was no significant difference between diets 2 and 3 for these parameters. No signs of leg weakness were observed in the growing pigs on any of the diets. The density (p < 0.01) and the breaking strength (p < 0.01) of the tibia bone were reduced (p < 0.01) on low-P diets compared to control diet. Phytase supplementation improved the density of the tibia bone (p < 0.001) compared to diet 2 and tended to improve the breaking strength, but the difference was not significant. No differences were found in the ash or P contents of the fibula bones. Phosphorus emissions were markedly reduced on diets 2 and 3. On the basis of the results it is not possible to recommend to replace inorganic P totally by phytase in growing-finishing pigs on barley-SBM diets.
Introduction
Approximately one percent of a mature pig's body weight consists of phosphorus (Peo 1991) . Fourfifths of it is concentrated in the skeleton while the rest can be found in soft tissues in different organic compounds participating in nearly all biochemical reactions occurring in the pig's body (Cromwell 1989) . In plants, phosphorus (P) is to a great extent in the form of organic calcium and magnesium salts of myo-inositol hexaphosphate (phytic acid), the bioavailability of which varies depending on the species of plant and their phytic acid and intrinsic phytase content (Jongbloed 1987) . In diet formulation, the P availability is normally calculated to be only 0.30 in vegetable feed ingredients. To ensure that the phosphorus requirements of animals are met, feed mix-tures are usually supplemented with inorganic phosphorus. The low utilization of dietary P results in a high amount of it excreted in manure. This can lead to an accumulation of P in the soil and a consequent disruption of the normal life cycle of various organisms in nature. Possibilities to decrease the use of P in pig feeds have therefore been studied for years.
One of the key factors in decreasing the total phosphorus content of pig feeds is to make the organic phytic phosphorus of plants bioavailable for animals. Trials have included soaking the feed before feeding (Jongbloed 1987 , Kemme and Jongbloed 1993 , Näsi and Helander 1994 or adding microbiologically produced phytase to the feed. Most of the studies on the effects of microbial phytases have so far been conducted on young pigs on maize-soybean meal based diets (Simons et al. 1990 , Jongbloed et al. 1991 a, Beers and Jongbloed 1992a ,b, Lei et al. 1992 , Pallauf et al. 1992 , Eeckhout and De Paepe 1992 , Hoppe et al. 1993 , Kemme and Jongbloed 1993 . However, 0.60-0.70 of the phosphorus excretion of pigs originates from the growing-finishing pigs. Attempts to reduce the excretion of P should therefore be especially directed at growing-finishing pigs (Jongbloed and Lenis 1993) . In Finland and in many other areas the main cereal in pig diets is barley, the phytate and phytase contents of which differ from maize (Cromwell 1992) .
The aim of the present experiment was to evaluate whether a Aspergillus niger phytase preparation could improve the utilization of the intrinsic phosphorus of commercial barley-soybean meal-based pelleted feed mixtures and thus replace the added inorganic dietary P. The performance of the growing-finishing pigs as well as different bone parameters were used as response criteria of the enzyme effect. A digestibility and balance experiment was carried out simultaneously with the same feeds (NAsi and Helander 1994).
Material and methods
A feeding trial was conducted with 72 commercial crossbred pigs from 28 kg live weight to an average live weight of 101 kg at slaughter. The pigs were allocated into three blocks on the basis of weight. Eight pigs from each block were assigned at random to one of three experimental diets. Four pigs were placed into each pen and each diet was tested on three pens of barrows and three pens of gilts. The animals were group-housed in concrete-floor pens and group-fed. No bedding was used.
The pigs were fed pelleted (65°C, 4 mm diameter) barley-soybean meal based complete mixtures. The same feed mixtures were used in a separate digestibility and balance experiment (NAsi and Helander 1994) . The control diet (diet 1) was adequate for pigs with respect to all nutrients (Salo et al. 1990) and the experimental diets (diet 2 and diet 3) with respect to all other nutrients except total P. The inorganic P source on the control diet was dicalciumphosphate (dihydrate). The experimental diets 2 and 3 were not supplemented with inorganic P. The control diet was calculated to contain 3.1 g and the experimental diets 1.2 g digestible P per kg. The total P values of the feed raw materials needed for calculations were based on the results of several analyses obtained from the feed factory. The values were 3.1 g/kg for barley, 6.6 g/kg for soybean meal (440 g crude protein and 40 g crude fat per kg soybean meal, SBM) and 174 g/kg for dicalciumphosphate. Diet 3 was supplemented with a phytase prepared using Aspergillus niger (Natuphos R 5000, Gist-brocades, The Netherlands), at a level of 0.24 g/kg (1200 U/kg). The calcium content was calculated to be 8.0 g/kg on all diets and the vitamin D content 800 HJ/kg feed. The composition of the diets is shown in Table 1 . The pigs were restrictedly group-fed according to body weight using a scale from 1.5 to 2.85 feed units/pig/day (FU = 0.7 starch equivalents). The daily feed allowance was changed once a week. Feeds were offered twice a day, and water was available ad libitum. The pigs were weighed on days 0, 21, 45, 63, 84 from the beginning of the trial and again at the end of the trial. The feed consumption was registered penwise during the experiment.
At slaughter, the carcass weight was recorded and the quality grade determined with an automatic Hennessy GP 2 device. The lean content was estimated from measurements of back fat, eye muscle depth and carcass weight (English et al. 1988) . A quality grading of 9 points was equivalent to a meat percentage over 61, 8 to 59-60, 7 to 52-58 and 6 below 51. The tibia and fibula bones from the left hind leg were removed from eight pigs per treatment. The bone samples were frozen (-18°C) to await chemical and physical analyses. Dry matter content, the concentration of ash, Ca, P and density of the diaphyses of the fibula bones, as well as density and breaking strength of the tibia bones, were determined. The densities of the bones were measured by weighing the bones from which the soft tissues had been removed, placing the whole bones into water and recording the quantity of water replaced by the bones, after which the weight-to-volume ratio was calculated. The breaking strength was determined with an Instron Testing Instrument (Model 1112) by recording the amount of force applied at a constant speed of 5 cm/min required to break a 3.7 cm piece of the mid-diaphysis placed in a horizontal position on a support. Two samples from each bone were measured, and the mean value was used for the statistical analysis. For dry matter determination, small pieces of the fibula bones' diaphyses from which the visible fat had been removed, were dried in a 105°C oven overnight. The ash percentage was determined by placing the dried bones in a 525°C muffle furnace for 16 hours. The chemical analyses of the feeds were conducted by standard methods (AOAC 1984) . In the determination of phytic acid, ICP-AES method was used to determine P (Plaami and Kumpulainen 1991) . In this method the P content of the sample is indirectly measured by atomic emission spectrophotometry after burning the sample by inductively coupled plasma. P from the feeds and bones was analyzed after dry ashing colorimetrically by the vanadomolybdate procedure of Tayssky and Shorr (1953) . The calcium contents of the feeds and bones were measured with a Perkin-Elmer 5100 PC atomic-absorption spectrophotometer. The phytase activity of the main raw materials, of diets and of Natuphos was measured spectrophotometrically as free phosphate from phytate after incubating the sample in a 0.1 M sodium acetate buffer, pH 5.0, at 35°C for 30 minutes (Puhakka, Cultor Research Center). A phytase unit is defined as the amount of enzyme that liberates 1 pmol of inorganic P from sodium-phytate in one minute.
The data were subjected to an analysis of variance using the GLM procedure of SAS (1985) . A split-plot design was used for the statistical analysis of periodical average daily gain (ADG) and feed conversion ratio (FCR). In the performance data the mean of each pen was used as an observation for the statistical analysis. The following model was used in analyzing the performance data (Snedecor and Cochran 1989 Results and discussion
Analyses
The detailed chemical composition of the diets has been published earlier by Näsi and Helander (1994) . The total P content was 0.7 g/kg higher and the Ca content 0.3 g/kg lower in diet 1 than calculated (6.5 g/kg P and 8.0 g/kg Ca). In addition, the P content in diets 2 and 3 was 0.5 g/kg higher and Ca content 0.7 g/kg lower than calculated. Thus, the Ca to P ratios of the diets were lower than expected ( Table 2 ). The analyzed total P content of the barley batch used in this trial was 3.6 g/kg and of soybean meal 4.8 g/kg on average. The P content of barley was on the same level as reported by Oksbjerg (1988) and Veevoedertabel (1991) but was lower than the values measured by Pointillart (1988) and Jongbloed and Kemme (1990) . The P content of SBM was lower than the values reported by Pointillart (1988), Jongbloed and Kemme (1990) , Veevoedertabel (1991) Jmd Ketaren et al. (1993) .
In Finnish feedtables (Salo et al. 1990 ) the values of P are 3.5 and 7.3 g/kg DM for barley and SBM, respectively.
Using the measured digestibility coefficients 0.55, 0.45 and 0.65 for P (Näsi and Helander 1994) in diets 1, 2 and 3, respectively, and the determined total P contents, it can be calculated that diet 1 contained 3.9 g, diet 2 1.8 g, and diet 3 2.6 g digestible P/kg.
The interpretation of the enzyme activity measurements is somewhat questionable, because the assays were performed according to methods which have not been validated (Puhakka, Cultor Research Centre). The method is not sensitive enough. Given this, the phytase activity of the barley used was found to be 300 U/kg, which is lower than that measured from Dutch summer barley (630 U/kg) by Jongbloed et al. (1991b) . The discrepancy in enzyme analytics can be clearly seen in the phytase activities measured from the diets: diet 1 contained < 1000 U/kg, diet 2 400 U/kg, while barley contained the aforementioned 300 U/kg and soybean meal none. A comparison of the measured phytase activities of the raw materials and diet 2 suggests that pelleting did not decrease the intrinsic phytase activity of the feeds. The analyzed phytase activity of the enzyme product was 3000 U/g instead of the 5000 U/g quoted by the manufacturer, but there were differences in the determination methods between Gist-brocades and Cultor Research Centre. Even though the measured supplementation level was 720 U/kg feed instead of targeted 1200 U/kg, the total phytase activity in diet 3 was measured to be 1600 U/kg. Despite the inaccuracy in the enzyme activity analytics it can be concluded that the phytase addition to diet 3 could be detected.
Performance
The ADG from 28 kg to slaughter was 843, 797 and 810 g on diets 1, 2 and 3, respectively (Table  3 ). The ADG of the control group was significantly (p < 0.05) higher than that of the groups with no inorganic P. Phytase did not have any significant effect on ADG. Koch et al. (1984) and Den Hartog et al. (1988) reported a reduced growth rate when diets deficient in utilizable P were fed. A tendency towards lower growth rates was also observed by Jongbloed (1987) with diets containing 1.5 g digestible P/kg, which was due to a lower feed intake of pigs from 30 kg live weight onwards. In the present trial, there was no significant difference in average daily feed consumption between the treatments. Jongbloed et al. (1991 a) recommended 2.3 g digestible P/kg in diets for 30 kg growing pigs, 2.0 g for 50 kg pigs and 1.5 g for 100 kg pigs. These calculations were based on an ADG of 780 g and a FCR of 3.0 kg/kg gain. Assuming that the energy level of the feed was about 9.0 MJ NE f ( = 1.0 FU) and that the Dutch allowance recommendations are valid in Finnish circumstances, and further taking into account the restricted feeding regime in our trial, the need of digestible P requirement/kg feed was slightly higher in our case. However, diet 3 should have contained enough digestible P (2.6 g/kg) for the whole growing period. De Wilde and Jourquin (1992) on the other hand observed that a ration with a digestible P content of 3.4 g/kg was more favourable for performance than one of 2.6 g/kg during the early growing phase (18-36 kg) of pigs. The initial weight of the pigs in the present study was higher, about 28 kg, and the periodical growth results (Table 4) prove that there was not shortage of digestible P at that stage.
The ranges for optimal Ca to total P ratios of diets for growing pigs are rather wide. The ratio should be between 1.0 and 2.0, the optimum being between 1.2-1.4 to I for the best utilization of P and performance of pigs (Jongbloed 1987) . Widening the Ca to P ratio tends to reduce performance, especially when the dietary level of P is marginal or deficient (Reinhart and Mahan 1986) . In our diets the ratios were 1.06 to 1, 1.78 to I and 1.78 to 1 (Table 2 ). Calcium to digestible P ratios of diets 1, 2 and 3 were approximately 2.0 to 1, 4.0 to 1 and 2.8 to 1. Jongbloed (1987) suggested that this ratio should be between 2.9 and 3.5 to 1 for growing pigs. Digestible Ca to digestible P ratios were 0.80, 1.90 and 1.40 for diets 1, 2 and 3, respectively (NAsi and Helander 1994). The average Ca to P ratio of the pig's whole body is about 1.6. This suggests that the amount of digestible Ca should be close to 1.6 times that of digestible Pin pig diets (Jongbloed 1987). Thus, the reasons for why the differences in ADG were not very remarkable between the treatments may be the higher than presumed digestible P content of all the diets and the suboptimal (total and digestible) Ca to P ratios. However, the ADG of the control group pigs was so much better that they tended (p = 0.07) to reach slaughter weight faster than the other animals.
Total feed consumption was lowest (p < 0.05) and feed conversion most efficient on diet 1 (p < 0.01). Pigs on diets 2 and 3 needed 150 g and 140 g, respectively, more feed per kg live weight gain than the control pigs. Other research has also indicated that a low dietary P level may adversely affect feed conversion (Cromwell et al. 1972 , Koch and Mahan 1985 , Reinhart and Mahan 1986 . Phytase supplementation did not improve the average FCR in our experiment. This result disagrees with the results of Beers and Jongbloed 1992 a, Hoppe et al. 1993 and Pallauf et al. (1992) but the diets in those experiments were maize-soybean meal-based and young pigs were used. The ADG, as well as the FCR, were most responsive to low dietary P and to phytase supplementation during the first 45 days (Table 4) . During the first two phases group 2 without inorganic P supplement grew 100-120 g less per day than the control pigs and used significantly more feed per kg weight gain, but after 46 days there was no significant difference in the growth rate of the pigs. This may imply a lower P requirement in tissue metabolism in older swine, a greater susceptibility of younger animals to high Ca to P ratios and/or improved utilization of phytate P as the animal matures (Reinhart and Mahan 1986) . Kessler and Ecu (1992) found equivalent ADG and FCR's in fattening pigs kg) when comparing a phytase-supplemented, low-P wheatbarley-maize-wheat bran diet to a control diet with a normal P level. Cromwell et al. (1991) have reported improved ADG and FCR in fattening pigs on low P maize-soybean meal diets by the addition of phytase.
There were no differences in carcass weights between the treatments (Table 3) . No effect on carcass quality was observed due to the treatments, but a sex*diet interaction could be found in carcass quality. This interaction was mainly due to the control group, because in that group the difference was most remarkable between the sexes: all gilts belonged to the best class (9 points) while castrates got only 8 points on average. In the other groups the differences were clearly smaller and not significant: 8.6 vs. 8.4 and 8.7 vs. 8.3 for gilts and castrates on diets 2 and 3, respectively. The castrates on the control diet had the highest ADG and live weight at slaughter, which together probably caused this interaction.
Bones
No signs of leg weakness were observed in growing pigs receiving lower supplies of P in their diets. Neither were there any differences in the weights of tibia and fibula bones due to the treatments (Table 5) . However, the density of the tibia bone was significantly reduced on low-P diets (p < 0.01). Phytase supplementation to the low P diet was found to clearly improve the density of the tibia bone (p < 0.001). No significant differences were found in the ash or P contents of the fibula bone diaphyses among the experimental diets. The Ca content in the fibula bone tended to be lower on the control diet. In the balance experiment conducted simultaneously using the same feeds, Ca retention tended to decrease on a P-supplemented compared to unsupplemented diet, but the differences were not significant (Näsi and Helander 1994) .
The breaking strength of the tibia bones of the control pigs was significantly better (p < 0.01) than for pigs on diets without inorganic P supplementation. Phytase supplementation appeared to improve the breaking strength, but the difference was not significant. Cromwell et al. (1991) reported depressed bone (metacarpals and metatarsals) strength in growing-finishing pigs on cornsoybean meal diets when dietary P was reduced. The depressions were less pronounced when phytase was included. Bone bending moments decline as the Ca to P ratios of the diets widen (Reinhart and Mahan 1986) . According to Cromwell (1989) , bone breaking strength is more sensitive to dietary P than bone ash. Peo (1991) concluded that in estimating the biological value of P supplementation, percent bone ash has a high sensitivity for the young, growing animal and a low sensitivity for adults, percent composition of bone ash has a very low sensitivity while physical traits of bone have a high sensitivity. These conclusions concerning adults are confirmed by present results.
The Ca to P ratios of the fibula bones were 2.08 to 1, 2.13 to I and 2.13 to 1 on diets 1, 2 and 3, respectively. These ratios as well as the Ca and P contents of the bones agree with the values reported by Peo (1991) . It is interesting that a clear sex effect on bone breaking strength was observed: females had higher tibia bone breaking strength than castrates (p < 0.05). Gilts tended to have more ash, Ca and P in the ulna bone than barrows in a trial conducted by Cromwell et al. (1970) , but the differences were not significant. A sex*diet interaction was found in fibula weights and ash content (p < 0.05) and a tendency also in P content (p < 0.1): the bone characteristics of castrates seemed to react to lower P contents of the diets and to phytase addition more strongly than gilts, perhaps due to their better daily weight gain.
Phosphorus balance
Knowing the average P content of the diets, the feed consumption, growth rates and P retentions (Näsi and Helander 1994) , it was possible to calculate the P balances for every treatment for the whole growth period: P excretions were 985 g, 551 g and 424 g/pig on diets 1,2, and 3, respectively. Therefore, on the low-P diet 2, P excretion was 44% and on the phytase-supplemented diet 3, 57% lower than on the control diet.
In conclusion, the results of this study indicate that pigs on barley-soybean meal diets with no inorganic P supplementation, do not perform as well as on diets with a normal P level. The Aspergillus niger phytase preparation improved the performance of the pigs, especially during the grower phases (28-60 kg), but the finishing pigs seemed to grow well without any additional phytase, probably due to the lowered P requirement or improved phytate P digestibility. No signs of leg weakness could be seen in the live pigs, but the digestible P content of the diets was reflected particularly well in the physical analysis of the bones. These studies should be continued by investigating diets supplemented by a phytase preparation and a small amount of inorganic P during the grower phase, but without any added phytase or inorganic P during the finisher phase (60-100 kg). In this way it may be possible to keep the normal performance level, while at the same time decreasing the feeding costs and reducing the P emissions significantly.
